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We propose a combination of different techniques to obtain the absorption cross-section spectra of trip-
let- and singlet-states in porphyrin-like molecules. Two extensions of the Z-scan technique are employed
(pulse train Z-scan and white-light Z-scan) together with absorbance spectroscopy and laser ﬂash pho-
tolysis. This approach allowed us to investigate features of excited-states absorption of meso-tetrakis
(methylpyridiniumyl) porphyrin (TMPyP) that revealed the inﬂuence of solvents on the vibronic structur-
ation of the transitions assigned to triplet-states, probably caused by hydrogen bonds established
between the porphyrin and solvent molecules.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The progress of photonics in the past decades has stimulated
the search for materials with high optical nonlinearities aimed at
technical applications. Nowadays, a number of studies of photo-
physical and nonlinear optical (NLO) properties of new promising
compounds are performed [1–8] and new techniques for their
proper characterization have been developed [9–12]. Amongst
the molecules investigated, those possessing macrocyclic struc-
tures like porphyrins, chlorins and phtalocyanines have received
considerable attention owing to their potential in applications
involving the photodynamic action in biological systems [13–19]
and for their favorable NLO properties [20,21]. Particularly, the ex-
cited-state absorption (ESA) properties are object of several inves-
tigations due to their importance in photonics applications such as
optical limiting [22-24], switching [24,25] and others. ESA can be
attributed to excited singlet or triplet states absorption, or both
simultaneously. Furthermore, the intense absorption in the visible
spectral region makes them important molecules for a variety of
natural processes, like the energy transport in photosynthesis [26].
The investigation of ESA properties of molecular species is a nec-
essary but quite difﬁcult task to be accomplished, which fostered
the development of several techniques, like laser ﬂash photolysis
[27–29], picosecond and femtosecond pump and probe [30,31],
and Z-scan and their variants [32–34]. Laser ﬂash photolysis (LFP)
is a technique employed to investigate transient states created by
a nanosecond-pulsed laser [27–29]. These states have absorptioncharacteristics different from those of the ground-state, allowing
their investigation through the analysis of the transient absorption
spectrum. Suchmeasurement gives information about the kinetic of
these states and the absorption difference between the ground and
triplet states. However, the transient absorption signal is not capa-
ble of determining a number of important information like the
intensity of the excited-state transition and the vibronic structure
of the spectrum, which are crucial quantities for the complete
understanding of the electronic structure of excited-states.
Recently, the effects of the environment, and the interaction
with gel and liquid vesicles, on the excited-state dynamics of
meso-tetrakis (methylpyridiniumyl) porphyrin (TMPyP) were
investigated [35,36]. Informations like lifetimes, rate constants,
quantum yields and absorption cross-sections were obtained at
532 nm by means of the pulse train Z-scan (PTZ-scan) and spectro-
scopic techniques [11,35]. However, it is well known that most
applications of porphyrins are related to electronic transitions
occurring in a broad spectral range, particularly in the Q-band re-
gion, which makes the investigation of the excited-state properties
of porphyrins of great importance. With this concern, the present
work uses an approach that associates LFP and two variants of
the Z-scan technique to determine the singlet and triplet excited-
state absorption spectrum of TMPyP between 450 and 700 nm.
We employed this experimental strategy to investigate the inﬂu-
ence of different solvents on the ground-, singlet and triplet
excited-states electronic transitions of TMPyP. It is worth to men-
tion that the study of absorption features with the purpose of
correlating them to the molecular structure, and to understand
how they respond to external factors, is a research ﬁeld far from
being completely exhausted.
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states suffers great inﬂuence from the environment, probably due
to the presence of hydrogen bonds between the porphyrin and sol-
vent molecules. In contrast, transitions assigned to singlet excited-
states (S1? Sn) always present a vibronic structure similar to that
observed for transitions coming from the singlet ground-state
(S0? S1), corroborating results obtained for other porphyrins
[37,38], where no appreciable inﬂuence of the environment was
observed.2. Experimental section
The water soluble cationic meso-tetrakis(4-N-methyl-pyr-
idiniumyl) (TMPyP) porphyrin was purchased from Porphyrin
Products Inc and dissolved in Milli-Q quality water. The TMPyP
porphyrin concentration was controlled by monitoring its absorp-
tion with a Beckman DU 640 spectrophotometer. The linear depen-
dence of the absorbance spectrum on the porphyrin concentration
demonstrated that TMPyP does not form aggregates for the con-
centration range employed [39–41].
Protic methyl (MeOH), ethyl (EtOH) and propyl (PrOH) alcohols,
and aprotic acetonitrile were used to investigate the porphyrin ex-
cited-state characteristics in polar media. The samples were pre-
pared by adding volumes of TMPyP aqueous stock solution to the
organic solvents, yielding a ﬁnal water content of less than 5%.
The TMPyP stock solution concentration was also determined with
a spectrophotometer. The ground-state absorption spectra were
measured by means of a Cary 17 spectrometer, with the samples
placed in a 2 mm-thick quartz cuvette.
The singlet excited-state absorption was measured with the
white-light continuum (WLC) Z-scan technique [9,34], which uses
a broadband pulse instead of the single wavelength employed in
the traditional Z-scan technique [32]. The pulse ﬂuence is varied
by moving the sample along the focused WLC Gaussian beam (z-
direction), reaching the maximum value at the focus. We used
the open-aperture conﬁguration to probe signal changes associated
only to the nonlinear optical absorption [32]. In this case, all light is
focused on the entrance of a portable spectrometer (HR4000 from
Ocean Optics). For each sample’s position, the transmittance is nor-
malized to that obtained far from the focal plane, where excited-
state contributions to the optical absorption can be neglected. To
generate theWLC pulse, 150-fs laser pulses at 775 nm (Ti:sapphire,
chirped pulse ampliﬁed system) and 1 kHz repetition rate are em-
ployed. The pulses are focused (f = 10 cm) into a 3 cm-thick quartz
cell containing distilled water. A low-pass optical ﬁlter is used to
remove the strong pump pulse and the infrared portion of the
WLC spectrum. Full details about the WLC Z-scan technique, spe-
cially the procedure employed to avoid cumulative contributions,
can be found elsewhere [34,38,42].
In the LFP technique the samples are excited by the second har-
monic (532 nm) of a Nd:YAG laser (SL400 from Spectron Laser Sys-
tems), with 4 ns of pulse duration. The transient spectrum is
probed with light from a xenon lamp that illuminates the sample
in a direction orthogonal to the pump pulse, which after passing
through the sample is spectrally dispersed with a monochromator
followed by a photomultiplier tube. The absorption cross-section
of the triplet state is measured at 532 nm with the PTZ-scan tech-
nique [33,35]. This variant of Z-scan technique allows discriminat-
ing contributions from singlet and triplet absorption. Complete
details about the PTZ-scan are given elsewhere [33,35].Figure 1. Five-energy-level diagram.3. Results and discussions
The results of our measurements will be explained according to
the Jablonski diagram [33,42] shown in Figure 1. It consists of ﬁveenergy levels that include the ground-state singlet level (S0) and
excited singlet (S1 and Sn) and triplet (T1 and Tm) levels, with pos-
sible up and downward (radiative and non-radiative), and intersys-
tem crossing transitions among them. In this diagram, rij is the
absorption cross-section for transitions from level i to j and sji is
the relaxation time from level j to i. Here we are considering that
s13 = sisc is the intersystem crossing time from S1 to T1 and
s30 = sT is the T1 state lifetime.
In order to obtain the excited-states spectra arising from
S1? Sn and T1? Tm transitions, we employed the combination
of techniques described above. However, as a preliminary step in
our approach, the ground-state absorption cross-section spectrum,
r01(k), is determined by conventional absorbance experiments and
the use of the relation:
r01ðkÞ ¼ 2:303AðkÞN‘ ð1Þ
where A(k) is the absorbance spectrum, N is the concentration (in
molecules per cm3) and ‘ is the cuvette optical path.
Next, the S1? Sn spectrum is obtained with the WLC Z-scan
technique. As explained in the experimental section, this technique
uses a super-continuum light source to excite porphyrins to the
ﬁrst excited singlet state and the signal transmitted through the
sample is acquired by a portable spectrometer as the sample trans-
lates through the focal plane of a lens [32,34,41]. The excited sin-
glet state absorption cross-section, r12, is obtained by analyzing
the results shown in Figure 2 with a model that considers just
the three energy levels corresponding to the left side of the dia-
gram shown in Figure 1. According to this model, the WLC pulse
excites molecules from the ground-state S0 level to a vibronic
Franck–Condon state in the S1 band. From there, the molecules
can be re-excited to a higher lying singlet-state Sn and then relax
back to S1 with a time constant sSn . Considering that the intersys-
tem-crossing and S1? S0 decay times are much longer than the
pulse duration [35], and taking into account stimulated emission
during the short pulse, the population dynamics can be described
by the following set of the rate equations:
dnS0
dt
¼ W01ðk; tÞðnS0  nS1 Þ ð2Þ
dnS1
dt
¼ W01ðk; tÞðnS0  nS1 Þ W12ðk; tÞðnS1  nSn Þ þ
nSn
sSn
ð3Þ
dnSn
dt
¼ W12ðk; tÞðnS1  nSn Þ 
nSn
sSn
ð4Þ
where nS0 ; nS1and nSn are the population fractions in the ground (S0),
ﬁrst (S1) and higher (Sn) excited singlet states, respectively.
W01ðk; tÞ ¼ r01ðkÞIðk;tÞhx and W12ðk; tÞ ¼ r12ðkÞIðk;tÞhx are the S0? S1 and
S1? Sn transition rates, with r01ðkÞ and r12ðkÞ being the absorption
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Figure 2. Normalized transmittance spectra for TMPyP in the presence of solvents
with different polarities.
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Figure 3. Absorption spectra obtained with LFP at 0.5 ls after excitation for TMPyP
in the presence of solvents with different polarities.
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dence introduced in the irradiance, I(k, t), takes into account the pre-
viously determined WLC chirp. These equations are numerically
solved using the irradiance extracted from the WLC energy at a
given wavelength, which was estimated using a procedure
previously described [34]. The calculations were carried out using
r01(k) extracted from linear absorbance spectra. The higher
excited-state lifetime, sSn , was assumed to be one order of magni-
tude faster (picosecond scale), in accordance with values found in
previous studies [31,35]. It is important to note that the results
obtained with this ﬁtting procedure are nearly independent of sSn
because the population of the Sn state is always very small because
of the low ﬂuence of our excitation source.
Considering the population redistribution caused by the strong
WLC pulse incident on the sample, the time evolution of the non-
linear absorption can be written as:
aðk; tÞ ¼ N½n0ðtÞr01ðkÞ þ n1ðtÞr12ðkÞ ð5Þ
Since the detection system in the experiment measures the
pulse ﬂuence, the transmittance is calculated by integrating the
propagation equation, dI/dz = a(t)I(t), over the sample thickness
and the full pulse duration, which takes into account accumulative
effects. From the absorption spectra measured with the WLC Z-
scan and using the cross-section r01(k), the r12(k) spectra for
TMPyP is obtained by ﬁtting of the normalized transmittance ac-
quired at each wavelength. The results obtained will be presented
later, together with the spectra of other excited-sates cross-
sections.
The triplet–triplet absorption measured with the nanosecond
laser ﬂash photolysis at 0.5 ls after excitation is depicted in Fig-
ure 3. The pump pulse creates triplet states and induces temporal
changes in the molecular absorption behavior. Assuming that the
molecules that are pumped out from the S0 ground-state can either
return to S0 or populate the lowest triplet state T1, via intersystem
crossing process, the probe beam will analyze the redistribution of
the population between these states. In this way, the transient
absorption spectra, DA(k), can be written as [29]:
DAðkÞ ¼ ½e34ðkÞ  e01ðkÞCT‘ ð6Þ
where e01ðkÞ and e34ðkÞ are the ground and triplet states molar
absorption coefﬁcients, respectively, and CT is triplet molar concen-
tration. The relationship between the molar absorption coefﬁcient
and absorption cross-section can be obtained from the Beer law
expressed as A(k) = e(k)C‘, where C is the molar concentration
(in mol L1). Since the concentration (in molecules/cm3) is given
by N ¼ NA
103
C, where NA is Avogadro number, Eq. (1) becomes:
rijðkÞ ¼ 2303NA eijðkÞ ð7Þwhere the molar absorption coefﬁcient has M1 cm1 units while
the absorption cross-section is in units of cm2. In this way, Eq. (6)
can be rewritten by:
DAðkÞ ¼ 1
2:303
½r34ðkÞ  r01ðkÞNT‘ ð8Þ
Since DA(k) was measured with LFP technique, we could, in
principle, determine r34(k). However, the triplet population (NT)
is unknown, which prevents the determination of r34(k) from Eq.
(8). Many approaches have been introduced to circumvent this
problem [29,43,44]. Among them, the saturation method proposed
by Kalyanasundaram and Neumann-Spallart for TMPyP porphyrin
[43,44] arises as a possible solution. Basically, this method consists
in measuring the transient absorbance for different laser intensi-
ties up to saturation, which corresponds to the complete transfer-
ence of molecules to the triplet state. However, in order to avoid
the photolysis of the sample, the spectrum is generally obtained
in the infrared region, which is a serious limitation because most
applications of porphyrins occur in the visible region of the spec-
trum, particularly in the Q-band region.
In our approach, we use PTZ-scan data to determine the absorp-
tion cross-section values (r01 and r34) at 532 nm for TMPyP in all
solvents [35]. These values are then used to calibrate the LFP
results by ﬁnding NT through Eq. (8). Since the excitation
wavelength used in laser ﬂash photolysis experiments is also at
532 nm, we do not measure DA(k) at this wavelength in order to
avoid problems with spurious light scattered from the excitation
laser beam. Instead, DA(k) for 532 nm is obtained from an extrap-
olation from their values at 525 and 540 nm. With the value of NT
determined from PTZ-scan data, we can use Eq. (8) again in order
to obtain the r34(k) spectra from the LFP transient absorption
spectrum, as depicted in Figure 4 (green full squares).
Concerning to the magnitude and spectral proﬁle of the cross-
sections, Figure 2 shows that the normalized transmittance is low-
er than 1 for all solvents investigated which points out to the fact
that the molecule presents the absorption cross-section, r12(k),
higher than that of the ground-state, r01(k), in the visible spectral
region. The only exception is observed for wavelengths near
518 nm, where the normalized absorbance close to 1 indicates that
the absorption cross-sections of both S0? S1 and S1? Sn transi-
tions have similar values. Despite the characteristics of the sol-
vents, the excited singlet state absorption spectra always present
a proﬁle quite similar to that assigned to the ground-state absorp-
tion. The only difference is the small enhancement observed in the
magnitude of the transitions, as shown in Figure 4. Such enhance-
ment of r12 relative to r01 is responsible for the increase in the
absorption observed in the normalized transmittance spectra.
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Figure 4. Absorption cross-section spectra of ground (r01, inverted full triangles),
ﬁrst excited singlet (r12, open red circles) and ﬁrst excited triplet states (r34, full
green squares) obtained for TMPyP in different polar protic solvents: (a) water, (b)
ethyl, (c) methyl, (d) propyl alcohol and (e) acetonitrile. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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organic molecules during the last few years. Our results for indocy-
anines, phthalocyanines and bisphthalocyanines show that the
S0? S1 and S1? Sn cross-sections spectra proﬁles obtained are
completely different [45–47]. On the other hand, we found that
for porphyrins and their derivates, like cytochrome and chlorophyll
a, the absorption spectra proﬁle are very similar [37,38,42,48,49].
This type of behavior in porphyrin also was previously reported
by others authors in others porphyrins [50,51]. In this way, the vib-
ronic characteristic of the Q-band of porphyrins, for both S0? S1
and S1? Sn, are in fact nearly identical with respect to their struc-
turation. These data and the small ﬂuorescence Stokes shift
observed previously [35] can be explained by considering that por-
phyrins are, in general, rigid structures and that the TMPyP vibron-
ic structure is preserved upon excitation. In this way, the molecular
structure is the same for all singlet-states participating in the
absorption process. Previous work reported in the literature
corroborates the suggestion of a strong vibronic coupling between
excited-states and ground-state in porphyrins. For instance,
Kumble et al. [52] observed an overall expansion of the macrocycle
upon photoexcitation, but the ground-state normal mode structure
was retained in the S1 excited state. The vibrational frequencies of
both saturated and unsaturated substituents are found to be
minimally perturbed in the S1 excited-states. Improta et al. [53]
also observed that the minimum energy geometry of Qx is similar
to ground electronic state, owing to the rigid structure of the
free-base porphyrin core. Nguyen et al. [54] observed that the
lowest triplet excited-state structure of free-base porphyrin and
its octahalogenated derivates retain the D2h symmetry. Besides,
Sato et al. [55] suggested the presence of S1–S2 vibronic coupling
and the existence of a hyperconjugation between the macrocycle
and ethyl groups in the S0, S1 and T1 states.
We also note that, similar to S0? S1 transitions, almost no dif-
ference is observed in the excited singlet state absorption spectra
of TMPyP for different solvents, strongly suggesting that no appre-
ciable difference in the r12/r01 ratio is caused by the changes in the
polarity of the medium. Such behavior is better observed in
Figure 5a.
Differently from the absorption assigned to singlet excited state,
Figure 4 shows that the triplet–triplet absorption (green solid
squares) does not have the same vibronic structure present in sin-
glet transitions for most solvents employed. We can see that
T1? Tm transitions present vibronic structures at the Q-band
region that are completely different from those of singlet states
when water, methyl, ethyl, and propyl alcohol are used as solvents.
Furthermore, the transition intensities are enhanced in the blue
region of the spectrum.
By analyzing the solvents properties, we observe in Table 1 that
water present a dipole moment higher than the alcohols, which, in
principle, points out to a possible inﬂuence of the solvent’s dipole
moment on the triplet–triplet transition. However, it is also noted
in Table 1 that the alcohols used as solvent (ethanol, methanol and
propanol), present similar dipole moments and dissimilar Q-band
vibronic structuration (see Figure 4b, c and d). Aiming at a deeper
understanding of the inﬂuence of the solvent on the vibronic struc-
ture of the triplet–triplet absorption at the Q-band region, we dis-
solved the porphyrin in acetonitrile, which is a polar aprotic
solvent that presents dipole moment higher than water. In this
case, the vibronic structure of the triplet–triplet absorption is more
preserved around the Q-band region, when compared to singlet
states transitions, than when water is used as solvent. Such result
supports that the vibronic structure of triplet states could mainly
be affected not only by the solvent dipole moment, but also can
be attributed to hydrogen bonds.
According to Gensch et al. [56], the nitrogen lone electron pairs
in the porphyrin macrocycle are strongly hydrogen-bounded with
1.0
1.5
2.0
2.5
σ
21
/σ
01
H2O
MeOH
EtOH
PrOH
Acet.
(a)
450 500 550 600 650 700
0
5
10
15
20
25
30
Wavelength (nm)
(b)
σ
34
/σ
01
H2O
MeOH
EtOH
PrOH
Acet.
Figure 5. (a) r12/r01 and (b) r34/r01 spectra for all solvents investigated.
Table 1
Properties of Solvents
Solvent Dipole moment (D) Type
Water 1.85 Polar protic
Ethanol 1.69 Polar protic
Methanol 1.70 Polar protic
Propanol 1.68 Polar protic
Acetonitrile 3.92 Polar aprotic
122 N.M. Barbosa Neto et al. / Chemical Physics Letters 587 (2013) 118–123the water molecules, in the solvation sphere of the porphyrin. This
result is in agreement with a larger electron density at the nitrogen
atoms of the porphyrin, as found through studies using resonance
Raman studies and semiempirical calculations [57,58]. We have
recently shown that the photophysical characteristics of TMPyP
porphyrin in organic solvents differ from those in water [35],
where the formation of hydrogen bonds between TMPyP nitrogen
atoms and water hydrogen can explain results such as spectral
changes, blue shift and can also explain the higher T1? Tm absorp-
tion cross-section, mainly in Q bands observed in the present work.
Previous studies of structural volume changes upon photo-exci-
tation of porphyrins have suggested their contraction upon popu-
lation of the triplet state [56,59]. It was proposed that this
contraction occurs because of the redistribution of the electronic
density in the macrocyclic core, which is not observed when the
molecule is in the ground-state. Such redistribution could lead to
changes in the strength of the hydrogen bonding, between the
water molecules in the hydratation shell and the nitrogen atoms
in the of porphyrin macrocycle, leading to the molecular contrac-
tion of the aqueous sphere around the macrocycle in the triplet
state [59].
Finally, Figure 5 presents the ratio spectra r12/r01 (a) and r34/
r01 (b) for all solvents investigated. Such ratios are critical to eval-
uate if the material investigated has potential to be employed as a
good optical limiter [25]. We can see in both spectra that TMPyP isa reverse saturable absorber, presenting higher values of r12/r01
for two ranges: from 450 to 500 nm and from 600 to 700 nm.
Moreover, above 600 nm, the ground-state cross-section values
are very small, implying in reverse saturable absorbers with high
linear transmittance. The r34/r01 ratio spectrum presents high val-
ues between 450 and 500 nm, with an average value close to 15,
and reaching the highest value (nearly 26) when the porphyrin is
dissolved in methanol. This behavior indicates its potential to opti-
cal limiting applications for this spectral region in the nanosecond
scale.4. Conclusions
In summary, a new approach to obtain the singlet–singlet and
the triplet–triplet excited states absorption of porphyrins has been
presented. In such approach, we employed an association of laser
ﬂash photolysis with two extensions of the Z-scan technique to
measure both the singlet–singlet and the triplet–triplet excited-
state absorption spectra. Employing this method we were able to
investigate the inﬂuence of different solvents on the ground as well
as excited electronic transitions of TMPyP. The results show that
S1? Sn spectra have the same vibronic structure as S0? S1, with
similar spectral shape and magnitude, in all solvents employed.
However, the T1? Tm transition shows a quite different vibronic
structuration when compared to transitions assigned to singlet
states. Finally, our results show that the modiﬁcation of the
T1? Tm vibronic structure is affected not only by the solvent
dipole moment, but also probably by hydrogen bonds established
between the porphyrin and solvent molecules.Acknowledgments
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